A Sephadex G-25 filtrate of a 1000OOg supernatant of rat liver homogenate was shown to be able to phosphorylate fructose, with GTP as the phosphate donor. Attempts to separate ATP-and GTP-dependent fructokinase activities failed, indicating that there is a single enzyme able to use both nucleotides. With a partially purified enzyme, Km values for fructose of 0.83 and 0.56mM were found with ATP and GTP as substrates respectively. Km values of 1.53 and 1.43mM were found for GTP and ATP respectively. Both ADP and GDP inhibited the GTP-and ATP-dependent fructokinase activity. We conclude that the depletion of hepatic GTP caused by intravenous administration of fructose to mice and rats can be explained simply by the utilization of the nucleotide by fructokinase.
The depletion of hepatic ATP as the result of the parenteral administration of D-fructose is a wellknown phenomenon (for review see Van den Berghe, 1978) . The explanation for this observation is that the high rate of utilization of the sugar by fructokinase results in an intracellular accumulation of fructose 1-phosphate and a consequent depletion of Pi. The latter effect is thought to limit the rephosphorylation of ADP by the mitochondria.
The hepatic content of GTP is also reported to be lowered by the intravenous administration of Dfructose to mice or rats (Van den Berghe et al., 1977 , 1980 . The depletion of GTP is assumed to be the result of the utilization of the nucleotide by triokinase for the phosphorylation of D-glyceraldehyde formed by the aldolytic cleavage of fructose 1-phosphate. The involvement of fructokinase in the depletion of GTP has been ruled out (Van den Berghe et al., 1977; Van den Berghe, 1978) , because Adelman et al. (1967) have reported that the enzyme has an absolute specificity for adenine nucleotides.
We have re-investigated the latter claim and have found that GTP is indeed a substrate for fructokinase. On the basis of the kinetic properties * To whom reprint requests should be addressed. Partial purification offructokinase Fructokinase was purified essentially by the method described by Sanchez et al. (197 la) , except that a DEAE-cellulose-chromatography step (Adelman et al., 1967) was added after the (NH4)2SO4-precipitation step and before the Sephadex G-100 chromatography. The 30%-satd.-(NH4)2SO4-extraction step described by Sanchez et al. (1971a) was omitted. The purified enzyme preparation was stable for several months at -20°C. The preparation was free of adenylate kinase and nucleoside diphosphate kinase activities, measured by the methods of Bergmeyer et al. (1974) and Mourad & Parks (1966) respectively. The acid and heat treatment used in the purification procedure destroys ATPase and sorbitol dehydrogenase activities (Adelman et al., 1967) . There was no evidence for any breakdown of [I4C]-fructose 1-phosphate by phosphatase in the purified enzyme preparation.
Analytical methods (a) Assays for fructokinase. In the enzyme purification, the assay procedure used was that described by S'anchez et al. (1971a) involving the coupling of the fructose-dependent generation of ADP with phosphoenolpyruvate and pyruvate kinase. The pyruvate formed was assayed colorimetrically after treatment of the mixture with dinitrophenylhydrazine.
For all other studies, a radiochemical assay method was used based on that described by S'anchez et al. (197 la) . Unless otherwise stated, the incubation mixture (total vol. 0.05ml) contained 10 mM-Tris/HCl buffer, pH 7.4, 100 mM-KCl, 2mM-[U-'4C]fructose (2.2 x 10-5d.p.m.), ATP or GTP and an equimolar amount of MgCl2 adjusted to pH 7.4, and enzyme was added to start the reaction. The reaction was stopped by the application of samples to Whatman DE81 filter discs and drying them rapidly. After drying, each disc was washed with 50ml of distilled water in a Buchner funnel. The discs were then allowed to dry and the radioactive material bound to each disc was assayed by liquid-scintillation counting in a medium (lOml) containing 5g of 2,5-diphenyloxazole/litre of toluene.
In some cases, the reaction was stopped by the addition of 0.5vol. of 4.2M-HC104. In these cases the protein precipitates were removed by centrifugation at 3000g, for 10min, the supernatant was neutralized with 4.2M-K2CO3 and re-centrifuged. Portions of the resulting supernatant were applied to Whatman no. 3 chromatography paper, and developed by descending chromatography for 16h in methoxyethanol/methyl ethyl ketone/3M-NH3 (7:2:3, by vol.; Mortimer, 1952) . The region corresponding to fructose 1-phosphate was cut out and the radioactivity associated with the area was determined by liquid-scintillation counting as described above.
Both methods of separating the radioactive product from the substrate gave identical results, except when 0.5M-KCI was present in the incubation medium, when the high salt content prevented the quantitative adsorption of fructose 1-phosphate to the DE81 discs. In such cases the chromatographic separation method was used routinely.
Protein was measured by the method of Lowry et al. (1951) , with bovine serum albumin as a standard.
(b) Determination of metabolites. Fructose 1-phosphate and ATP were determined by the methods of Eggleston (1974) (Pridham & Davies, 1978) and by other workers (Adelman et al., 1967; S'anchez et al., 1971a) .
In the course of this study it was found that GTP was an effective substrate for fructokinase (Table  1) . Both ATP-and GTP-dependent activities were increased by KCl, but the latter activity was stimulated to a greater extent by the salt. Under the conditions used for the assay, the rate of accumulation of fructose 1-phosphate was linear with time and with protein concentration. The identity of the (Adelman et al., 1967; S'anchez et al., 1971a) . The enzyme was purified 121-fold compared with the crude homogenate, and throughout the purification procedure the ratio of GTP-to ATP-dependent fructokinase activity remained constant at approx. 1:3, when the enzyme was assayed in the presence of 0.1 M-KCI (Table 2) . Furthermore the ratio of the two activities was constant in all fractions containing fructokinase activity eluted from the DEAE cellulose and the Sephadex G-100 columns (results not shown). Thus there is good evidence to suggest that the two activities are functions of a single protein.
The properties of the partially purified fructokinase were further investigated, and Km values of 0.83mM for fructose (Fig. 1) (1971a) reported Km values of 0.80 and 1.33 mM for fructose and ATP respectively, determined at KCI concentrations similar to those used in the present study. When GTP was used as the phosphate donor, the Km values were found to be 0.56mM for fructose ( Fig. 1 ) and 1.53+0.10mM (n=3) for GTP. A typical kinetic analysis with GTP as a substrate is shown in Fig. 2 . Neither CTP nor UTP was an effective substrate for the purified fructokinase assayed under similar conditions. ADP is reported to be a strong competitive inhibitor of ATP-dependent fructokinase activity,
with Ki values reported to be between 1.3 and 1.7mM (Parks et al., 1957; S'anchez et al., 1971b) . This inhibition was confirmed in the present study (Fig. 2) and a Ki value of 1.1 mm was found (Fig. 3) .
ADP was also found to inhibit the GTP-dependent reaction (Ki = 0.78mM). Adenylate' kinase was shown to be absent from the enzyme preparation, eliminating the possibility of the generation of ATP from GTP and ADP during the course of the reaction. We noted that, with less-purified enzyme preparations containing adenylate kinase activity, GDP was also found to be an inhibitor of both ATP-and GTP-dependent activities, with inhibition constants of 1.2mM in each case. Under similar conditions CDP and UDP were without effect on enzyme activity with either phosphate donor (results not shown). Thus there is no evidence from the inhibition studies that there are two different fructokinases. Indeed, since ADP inhibits the GTP-dependent activity and GDP inhibits the ATP-dependent enzyme, there is further evidence for the existence of a single fructokinase with a specificity for both nucleotides.
Discussion
In contrast with the work of Adelman et al.
(1967), we have obtained good evidence to suggest that GTP can be utilized at a substantial rate by fructokinase. The failure of previous workers to demonstrate any fructokinase activity in the presence of GTP led Van den Berghe et al. (1977) to propose that the fructose-induced fall in GTP concentration is the consequence of the utilization of the guanine nucleotide in the triokinase reaction. In the latter reaction, GTP is used at only 10% of the rate of ATP utilization (Frandsen & Grunnet, 1971 The observation that the Km of the enzyme for fructose is lower with GTP than ATP as substrate also strengthens this view. However, the greater susceptibility of the GTP-dependent phosphorylation reaction to inhibition by ADP would result in a greater diminution of the GTP-dependent activity compared with the ATP-dependent activity in vivo. The inhibition of the enzyme by GDP is unlikely to be an important physiological phenomenon, since the tissue concentration of GDP is reported to be 0.04 mol/g of liver (Soling, 1982) , a value well below the Ki observed in the present study.
Under physiological conditions of substrates and effectors, 3 mM-ATP, 2 mM-fructose, 1 mM-ADP, 1 mM-GTP and 100mM-KCl, it is obvious that ATP would be the preferred substrate for the enzyme, but one would expect a significant reaction with GTP, which would increase relative to the ATP-dependent reaction as the adenine nucleotide was depleted. Under these conditions we would expect the GTP-dependent activity of fructokinase to be sufficient to explain the depletion of hepatic GTP content observed by Van den Berghe et al. (1977 , 1980 , which was about 133% of the rate of ATP depletion.
Conclusion
It is clear from the evidence presented that GTP is an effective substrate for rat liver fructokinase. Furthermore, under physiological conditions there is sufficient enzyme activity, even in the presence of ADP, to account for the depletion of GTP as a result of a fructose load.
